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ABSTRACT Microbes use directed motility to colonize harsh and dynamic environments. We discovered that Helicobacter pylori
strainsestablishbacterialcoloniesdeepinthegastricglandsandidentiﬁedanovelprotein,ChePep,necessarytocolonizethis
niche.ChePepispreferentiallylocalizedtotheﬂagellarpole.AlthoughmutantslackingChePephavenormalﬂagellarultrastruc-
tureandaremotile,theyhaveaslightdefectinswarmingability.Bytrackingthemovementofsinglebacteria,wefoundthat
ChePepmutantscannotcontroltherotationoftheirﬂagellaandswimwithabnormallyfrequentreversals.Thesemutantseven
sustainburstsofmovementbackwardswiththeﬂagellapullingthebacteria.Geneticanalysisofthechemotaxissignalingpath-
way shows that ChePep regulates ﬂagellar rotation through the chemotaxis system. By examining H. pylori within a microscopic
pHgradient,wedeterminedthatChePepiscriticalforregulatingchemotacticbehavior.The chePepgeneisuniquetotheEpsi-
lonproteobacteria butisfoundthroughoutthisdiversegroup.WeexpressedChePepfromothermembersofthe Epsilonproteo-
bacteria, including the zoonotic pathogen Campylobacter jejuni and the deep sea hydrothermal vent inhabitant Caminibacter
mediatlanticus,i nH. pylori and found that ChePep is functionally conserved across this class. ChePep represents a new family of
chemotaxisregulatorsuniquetothe Epsilonproteobacteria andillustratesthedifferentstrategiesthatmicrobeshaveevolvedto
controlmotility.
IMPORTANCE Helicobacter pylori strains infect half of all humans worldwide and contribute to the development of peptic ulcers
and gastric cancer. H. pylori cannot survive within the acidic lumen of the stomach and uses ﬂagella to actively swim to and colo-
nize the protective mucus and epithelium. The chemotaxis system allows H. pylori to navigate by regulating the rotation of its
ﬂagella. We identiﬁed a new protein, ChePep, which controls chemotaxis in H. pylori. ChePep mutants fail to colonize the gas-
tric glands of mice and are completely outcompeted by normal H. pylori. Genes encoding ChePep are found only in the class
Epsilonproteobacteria, which includes the human pathogen Campylobacter jejuni and environmental microbes like the deep-sea
hydrothermal vent colonizer Caminibacter mediatlanticus, and we show that ChePep function is conserved in this class. Our
study identiﬁes a new colonization factor in H. pylori and also provides insight into the control and evolution of bacterial
chemotaxis.
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T
he Epsilonproteobacteria are an ancient class of bacteria that
dominate extreme environments, such as deep sea hydrother-
mal vents, sulﬁdic caves, and the human stomach (1). Some, like
Campylobacter jejuni and Helicobacter pylori, are also major hu-
man pathogens (2, 3). To avoid harmful chemicals and access
beneﬁcial conditions, many Epsilonproteobacteria utilize che-
motaxis to control the direction of their motility in response to
their environment. For example, H. pylori uses chemotaxis to
avoid the acidic conditions of the gastric lumen and colonize a
narrow niche of buffered mucus overlaying the stomach epithe-
lium as well as the surface of epithelial cells (4).
Bacteria rotate ﬂagella to generate propulsion, but also modu-
latethespeedanddirectionofﬂagellarrotationtosteertheirover-
all trajectory (5, 6). The chemotaxis system couples control of
ﬂagellarrotationwithenvironmentalsensingtoenablebacteriato
move towards attractants and away from repellents (7). The role
of chemotaxis in the Epsilonproteobacteria has mostly been inves-
tigated as a colonization factor for pathogenic bacteria, but many
environmental members of this class also possess chemotaxis ho-
mologs, indicating that this process is broadly utilized (8, 9).
ThechemotaxissignalingsystemintheEpsilonproteobacteriais
a slightly modiﬁed histidine-aspartate phosphorelay (HAP) sys-
tem and is similar to the basic chemotaxis signaling system con-
served across all bacteria (7, 10, 11). Extensive study of bacteria
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tilishasprovidedausefulframework
for understanding the chemotaxis
systeminEpsilonproteobacteria,asall
previously identiﬁed chemotaxis
genes in Epsilonproteobacteria are
homologous to genes initially de-
scribed in E. coli and B. subtilis (12–
14). Therefore, we were surprised to
identifyapreviouslyuncharacterized
family of proteins that control che-
motaxis in Epsilonproteobacteria,
which we term “ChePep.”
Bystudyingthepathogenicmem-
ber of the Epsilonproteobacteria,
H. pylori, which is associated with
peptic ulcers and gastric cancer (15,
16), we show that ChePep controls
ﬂagellar switching in a chemotaxis
signaling protein-dependent man-
ner. When examining gastric tissue
frommiceinfectedwithH.pylori,we
ﬁndcolonizationofthegastricantral
glands requires ChePep and that
ChePep confers a signiﬁcant overall
advantage to colonizing the stom-
ach. Finally, we show that ChePep
function is conserved across the Epsilonproteobacteria as we can
complement H. pylori lacking its endogenous ChePep with or-
thologs from the zoonotic pathogen Campylobacter jejuni and the
deepseahydrothermalventinhabitantCaminibactermediatlanti-
cus.
RESULTS
H. pylori ChePep localizes to the bacterial poles and is part of a
novel family of proteins unique to the Epsilonproteobacteria.
WeidentiﬁedChePepbecauseofourinterestinHelicobacterpylori
colonization of the epithelial cell surface. H. pylori cells preferen-
tially adhere to the cell surface near the epithelial junctions and
grow into cell-associated microcolonies at these sites (17, 18). We
have shown that H. pylori cells modify their attachment sites by
recruiting junction-associated proteins near the sites of bacterial
attachment(19).Whileinvestigatinghostproteinsassociatedwith
theadheredbacteria,wenoticedthatanafﬁnity-puriﬁedantibody
against the junctional protein Par-3 recognized not just the tight
junctions, but also an H. pylori protein.
Immunoprecipitation of the unknown H. pylori protein with
the anti-Par-3 antibody yielded a single polypeptide that runs at
98kDaonSDS-PAGE(seeFig.S1Ainthesupplementalmaterial).
Using mass spectrometry, we identiﬁed this protein as “poly-E-
rich protein” (HPG27_303), a protein of unknown function an-
notated for its preponderance of glutamic acid residues. The pre-
dicted amino acid sequence of poly-E-rich protein has no
homology to Par-3, but shares an antigenic site, as anti-Par-3 an-
tibody recognizes recombinant poly-E-rich protein expressed in
E. coli (Fig. S1B).
Further bioinformatic analysis of poly-E-rich protein revealed
homologous genes throughout the Epsilonproteobacteria, but
none from any other bacterial classes (see Fig. S1C in the supple-
mentalmaterial).Yetdespiteconservedsyntenyinallepsilonpro-
teobacterialgenomes,poly-E-richproteinhomologsaredifferen-
tially annotated in this class, with many homologs being referred
to as hypothetical proteins. To unify these homologs under a
shared name and reﬂect their proposed function, we will refer to
all poly-E-rich protein homologs as “ChePep.”
Although ChePep homologs vary in predicted molecular
weight and amino acid sequence, they all contain a conserved
amino-terminal region with a putative response regulator motif
present in histidine-aspartate phosphorelay (HAP) systems (see
Fig. S1D in the supplemental material) (20). The presence of a
putativeresponseregulatorsuggestedthehypothesisthatChePep
homologs function with a HAP system.
Bacteria utilize HAP systems to sense and respond to a wide
varietyofenvironmentalchanges(21).Oneofthebestunderstood
HAPsystemsisthechemotaxissystem,whichcontrolsmovement
of bacteria in relation to changing environmental chemical con-
centrations (7). Many chemotaxis proteins concentrate at the
polesofbacteria(22–24),sotodetermineChePeplocalization,we
raised antibodies speciﬁc to H. pylori ChePep. Antibodies made
against recombinant ChePep detect a single polypeptide band by
immunoblotting bacterial lysates, and ChePep localizes exclu-
sively to the poles of H. pylori (see Fig. S2B in the supplemental
material). By analyzing bacterial populations at different stages in
the cell cycle, we noticed that immunoﬂuorescence intensity of
ChePep varies at one bacterial pole. We therefore double labeled
bacteria with both anti-H. pylori and anti-ChePep antibodies and
alignedthembytheirlength.ThisrevealedthatChePepimmuno-
ﬂuorescence signal is relatively constant at one bacterial pole,
while signal at the other pole increases as the bacteria elongate
during the cell cycle (Fig. 1A). Quantiﬁcation of anti-ChePep ﬂu-
orescence intensity at the distal pole shows a strong positive cor-
relation between ChePep levels at this pole and bacterial length
(Fig. S2A). This observation suggests that ChePep levels remain
FIG1 ChePeplocalizestotheﬂagellarpoles.(A)H.pyloricellsatdifferentstagesofthecellcyclewerestained
withantibodiestoH.pylori(red)andChePep(green)andalignedaccordingtotheirlengthtoanalyzeChePep
expression and localization in individual bacteria. Scanning electron microscopy (SEM) illustrates the loca-
tionofﬂagellainayoung(left)versusseptating(right;arrowheadsindicateseptationcleft)H.pyloricell.(For
thequantitativerelationshipbetweenbacteriallengthandChePepintensity,seeFig.S2Ainthesupplemental
material.) (B) Confocal 3D reconstructions of H. pylori cells at different stages of growth stained with
anti-ChePep(green),anti-H.pylori(red),andDAPIforDNA(blue).Fl,ﬂagella.Starsindicatechromosomal
segregation. Scale bar, 1 mi nB .
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concentrationatthenewpoleasbacteriaelongate.ChePepinten-
sityreachesequivalentlevelsatbothpolesjustpriortocelldivision
(Fig.1A).Alsoatthetimeofcelldivision,weobservedthat H.py-
loricanhaveﬂagellaatbothpoles,whichuponseptationwillyield
twodaughtercellswithabundleofﬂagellaattheoldbacterialpole
(Fig. 1A). This suggested that ChePep is preferentially concen-
trated at the ﬂagellar pole of H. pylori. To test this we performed
higher-resolution confocal microscopy with three-dimensional
(3D) reconstruction of H. pylori under conditions where the ﬂa-
gella,ChePep,andchromosomecanbesimultaneouslyvisualized
(Fig. 1B). This analysis conﬁrmed that in the shortest bacteria,
with no evidence of chromosomal segregation, the highest con-
centration of ChePep is at the ﬂagellar pole. The immunoﬂuores-
cence intensity of ChePep at the distal pole increases as the bacte-
ria elongate, although ChePep
accumulates at this pole prior to the ap-
pearance of ﬂagella (Fig. 1B). Once Che-
Pep reaches equal concentration at each
pole, we observe chromosomal segrega-
tion, indicating these bacteria are prepar-
ing for imminent septation (Fig. 1B).
Besides their role in motility, polar
proteins in bacteria function in cell divi-
sion and chemotaxis (25). Therefore, we
constructed a chePep isogenic deletion
mutant (ChePep) (see Fig. S2B in the
supplemental material) to test for defects
ingrowthkinetics,ﬂagellarstructure,and
motility. ChePep mutants have identi-
cal in vitro growth curves to the wild type
(WT) (Fig. S2C). At the ultrastructural
level,wefoundnodifferencesinthenum-
ber of ﬂagella, ﬂagellar location, or ﬂagel-
lar morphology of ChePep mutants
(Fig. S2E). In soft agar motility assays, we
notedthattheChePepmutantismotile;
however, it forms signiﬁcantly smaller
swarming halos than those formed by the
WT (77%  5% the diameter of the WT)
(Fig. S2D).
Taken together, this slight defect in
ChePep mutant swarming ability com-
bined with ChePep’s polar localization
and putative amino-terminal response
regulator motif suggested that it could be
partofanenvironmentalresponsesystem
such as chemotaxis. We were, therefore,
particularly interested in examining the
role of ChePep in colonization of the
stomach and whether it is important for
H. pylori interactions with the epithelial
surface.
ChePep is required to colonize the
gastric glands and confers an advan-
tage for in vivo colonization. To study
ChePep’s role in H. pylori infection of the
stomach, we orally infected mice with the
WT, ChePep mutant, or a 1:1 ratio of
both bacteria. Two weeks later, we har-
vestedthestomachstodeterminethenumbersofH.pyloricolony-
forming units (CFU). Mice singly colonized by the ChePep
strain had slightly lower, but not signiﬁcantly different, CFU
countsthanmicesinglycolonizedbytheWT(Fig.2A).Yet,when
mice were coinfected with the WT and ChePep mutant in a 1:1
ratio,theWTcolonizedatnormallevels,buttheChePepmutant
wasundetectable(Fig.2B).TodeterminewhetherChePepconfers
a colonization advantage in multiple strains of H. pylori, we also
constructed ChePep mutants of strain SS2000 (26) and infected
mice both singly and in competition. Similar to the previous re-
sults with strain SS1, we found that the SS2000 ChePep mutant
colonizes mice comparably to the WT in single infections, but
ChePep cells are completely undetectable in competition infec-
tions (see Fig. S3A and S3B in the supplemental material).
To investigate whether ChePep is involved not only in the es-
FIG 2 ChePep is essential for colonizing the antral gastric glands and confers a signiﬁcant advantage
in colonization of the stomach. (A) Colony-forming units (CFU) of H. pylori in the stomachs of mice
colonized with either the WT or ChePep mutant for 2 weeks. Each marker represents an individual
mouse.(B)CFUcountsfrommicecoinfectedwithboththeWTandChePepmutantina1:1ratiofor
2 weeks. The dashed red line indicates the limit of detection. P  0.0001. (C) Volumetric analysis of
bacteria colonizing the antral glands calculated from 100-m-thick sections imaged by 3D confocal
microscopy from single infections of either the WT or ChePep mutant. The average number of
H. pylori cells within the gastric glands per section is plotted. Data from 20 sections from three mice
infected with the WT and 26 sections from three mice infected with the ChePep mutant were com-
pared.P0.0001.(D)3DconfocalmicroscopyofmurinestomachsinfectedwitheithertheWTorthe
ChePep mutant. F-actin is stained with phallodin (red), and nuclei (blue) and H. pylori cells (green)
are immunolabeled. Asterisks indicate H. pylori cells in the surface mucus of the stomach, while a box
highlightsbacterialcoloniesinmid-glands.(E)MagniﬁedviewoftheareaboxedinpanelD.(F)SEMof
WT-infected gland. (G) Magniﬁed view of area boxed in panel F. Scale bars represent 100 m in panel
D, 10 m in panels E and F, and 1 mi nG .P values are from the two-tailed Student t test.
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WT can displace a previously established infection with the
ChePep strain. We infected mice ﬁrst with the ChePep strain
for 2 weeks and then subsequently reinfected these mice with the
WT. After a further 4 weeks of coinfection, the WT reached nor-
mal single infection levels, but ChePep strain colonization de-
clined to 0.03% of equivalent ChePep strain single infections
(see Fig. S3C in the supplemental material). These in vivo experi-
mentsshowthatChePepconfersasigniﬁcantcolonizationadvan-
tageinthemurinestomachforboththeestablishmentandpersis-
tence of infection.
ChemotaxiswasshowntobeimportantforH.pyloricoloniza-
tionofthestomachandtofacilitateinteractionsbetweenH.pylori
and the gastric epithelium (27). In particular, inactivation of che-
motaxisthroughmutationofthegenesthatencodetheconserved
signal transduction proteins CheW, CheA, and CheY results in
competition defects in mixed infections similar to what we ob-
serve between the WT and ChePep strains (28). CheW, CheA,
and CheY mutants colonize mouse stomachs in single infections,
but they are signiﬁcantly outcompeted when coinfected with the
WT (28). These experiments thus support a possible role for
ChePep in chemotaxis.
Given the colonization disadvantage of ChePep in competi-
tionexperiments,wesuspectedthatthemutantcouldbedefective
in colonizing a particular niche within the stomach. The WT
strain of SS1 mainly colonizes the gastric antrum of the C57BL/6
mice (29). Consequently, we were interested in determining
whethersingleinfectionsoftheChePepmutantandWTshowed
differences in their spatial distribution within this region of the
stomach. Typically H. pylori infection is visualized using histol-
ogy, mainly to conﬁrm the presence of H. pylori and assess the
associated inﬂammation (30, 31). Routine histological examina-
tion relies on random sampling of the tissue sectioned in 5- to
10-m samples. Unless laborious serial sectioning is performed,
comparison and quantiﬁcation of the anatomical localization of
H. pylori are limited by this technique. To overcome this limita-
tion, we adapted methods of three-dimensional (3D) confocal
microscopyofwholetissues(32,33)andanalyzed100-to200-m
sections of infected gastric tissue at a time. This allowed us to
reconstruct complete infected gastric glands in three dimensions
tocompareandquantifytheanatomicallocalizationofWTversus
theChePepmutant(Fig.2).BothWTandChePepstrainswere
readilyidentiﬁedinthemucuslayeroverlyingthestomachsurface
(Fig. 2D, asterisks). Additionally, using 3D confocal reconstruc-
tion and scanning electron microscopy (SEM), we were able to
document that WT cells also form discrete clusters of bacteria
adhered to the epithelial surface in the mid-glandular zone of the
gastric antrum (Fig. 2D to G). These WT bacteria within the
glands resemble clonal microcolonies observed growing on epi-
thelial surfaces in vitro (17) since they form discrete clusters of
tightly packed spiral bacteria (Fig. 2E and F). Interestingly, we
found that ChePep cells are essentially missing from this glan-
dularregionandaremainlyfoundintheoverlyingsurfacemucus
layer (Fig. 2D, top). We quantiﬁed the numbers of H. pylori cells
colonizing the gastric glands by volumetric image analysis of the
bacterial colonies within the antral glands from 3D confocal re-
constructions. We found an average of 86.2 WT cells per section
(n  20), while the ChePep strain had only 1.6 bacteria per
section (n  27) (Fig. 2C). These ﬁndings show that ChePep is
essential for colonizing the glands in the antrum of the stomach.
Because of the ChePep strain’s failure to colonize the antral
glands(27),ChePeplocalizationtotheﬂagellarpole,thepresence
of a putative CheY response regulator motif, and the ChePep
mutant’s slight defect in swarm plates, we hypothesized that
ChePep could be involved in chemotaxis or motility.
FIG 3 ChePep reduces switching of the ﬂagellar rotational direction. (A)
Magniﬁed tracings of both WT and ChePep cell swimming behavior (see
Movie S1 in the supplemental material). (B) Quantiﬁcation of reversals per
minuteoftheWT,ChePep,andChePep*(ChePepcomplementedintrans)
strains. (C) DIC video microscopy of WT and ChePep cell swimming (see
Movie S2 in the supplemental material). The position of a single swimming
bacterium over time is shown for the WT versus the ChePep mutant. The
position at a particular time (in seconds) is marked with arrows, and the
swimming path is marked in green in one direction and red when the bacteria
reverseswimmingdirection.InsetimagesofChePepcellmovementathigher
magniﬁcation are also shown. (D) High-magniﬁcation phase-contrast video
microscopy shows a ChePep mutant swimming backwards with the ﬂagella
“pulling” (see Movie S3 in the supplemental material). The arrows on the left
indicate the direction that the bacteria are swimming. (Green indicates swim-
ming forward, and red indicates swimming backward.) The position of the
ﬂagella is marked with an arrowhead in each panel. (E) Quantiﬁcation of the
percentage of time that WT and ChePep cells swim forward (FWD) with
the ﬂagella “pushing” or backwards (BK) with the ﬂagella “pulling.” n  8 for
each strain. P values are from the two-tailed Student t test.
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ing of ﬂagellar rotation. To examine the swimming behavior of
both the WT and ChePep mutant, we used video microscopy
and single particle tracking of individual bacteria grown in broth.
WT bacteria generally swim in smooth paths that are straight or
curved and reverse their swimming direction at an average rate of
14.8 reversals/min (Fig. 3A and 3B). However, ChePep bacteria
swim with a dramatically different pattern, exempliﬁed by fre-
quent changes in swimming direction. The average reversal fre-
quency of ChePep is over an order of magnitude greater than
that of the WT (average of 162.7 reversals/min), and the frequent
ChePep strain reversals are interspersed with only occasional
bursts of straight swimming (Fig. 3A and 3B; see Movie S1 in the
supplemental material).
To characterize the behavior of ChePep mutants at higher
spatialresolution,weuseddifferentialinterferencecontrast(DIC)
imaging and found that the reversal events are not due to tum-
bling, as seen in peritrichously ﬂagellated bacteria (34). Instead,
we observed that ChePep cells rapidly reverse swimming direc-
tion while maintaining the orientation of the bacterial body
(Fig.3C;seeMovieS2inthesupplementalmaterial).Thissuggests
thattheﬂagellacansupportswimmingineitherdirectionbypro-
pelling the bacteria forward or pulling the bacteria in reverse. We
hypothesized that these reversals may represent changes in the
direction of ﬂagellar rotation.
To test this hypothesis, we ﬁlmed the swimming bacteria by
high-magniﬁcation phase-contrast video microscopy at a rate of
30framespers,wherewecouldseethelocalizationoftheﬂagellar
tuft at one pole of the bacteria while recording their swimming
direction. We found that indeed H. pylori can reverse swimming
direction with the ﬂagella propelling the bacteria either forward
(“pushing”)orinreverse(“pulling”)(Fig.3D;seeMovieS3inthe
supplemental material). Under normal conditions, WT bacteria
mostly swim forward, with the ﬂagella pushing the bacteria. In
contrast,ChePepbacteriaspendasigniﬁcantpercentageoftime
swimming in reverse (Fig. 3E). This pattern of behavior by
ChePepcellsindicatesthatChePepreducesswitchingofﬂagellar
rotation, and without ChePep, the ﬂagella sustain periods of re-
verse rotation that enable backwards runs.
In other bacteria, including H. pylori, mutations within the
chemotaxis signaling system result in loss of turning responses
and straight swimming trajectories (35, 36). However, in other
Proteobacteria, mutations in chemotaxis regulators such as CheZ
and CheB result in hyperreversal or increased tumbling behavior,
reminiscent of ChePep mutants (6, 35, 37). Therefore, our re-
sults suggest that ChePep could affect ﬂagellar switching through
regulation of the chemotaxis system.
ChePep controls ﬂagellar rotation through the chemotaxis
system. In bacteria such as E. coli, switching the direction of ﬂa-
gellarrotationrequiresalteringtheinteractionbetweentheﬂagel-
larstatorandtheﬂagellarswitchcomplex(38).Thisinteractionis
controlled by the chemotaxis system through the interaction of
phosphorylated CheY with the ﬂagellar switch complex protein,
FliM (39, 40). H. pylori possesses homologs of ﬂagellar switch
proteins,anditwasshowninvitrothatonlyphosphorylatedH.py-
lori CheY interacts with FliM (41). Therefore, we hypothesized
that the underlying mechanism of increased ﬂagellar switching in
the ChePep mutant could be due to either a direct interaction
betweenChePepandtheﬂagellarswitchcomplexor,alternatively,
ChePep regulation of the interaction of the chemotaxis system
with the ﬂagellar switch complex.
To distinguish between these two hypotheses, we created a
chePep cheY double mutant. If ChePep functioned directly on the
ﬂagellar motor, then the hyperswitching phenotype of the
ChePepmutantwouldbeindependentofchemotaxisandwould
persist in the absence of CheY. If, however, ChePep controls ﬂa-
gellar rotation by regulating interaction of the chemotaxis system
with the ﬂagella, then loss of CheY would be epistatic over the
ChePep phenotype. Quantitative behavioral analysis of these
double mutants revealed that loss of CheY completely abolishes
the hyperreversal phenotype of the ChePep mutant as the
ChePep CheY mutant reverses at a rate of only 5.8 reversals/
min, while the ChePep mutant reverses at a frequency of 162.7
reversals/min(Fig.4AandB).Importantly,comparisonofCheY
ChePep mutant’s reversal frequency to that of the CheY mu-
tant shows no signiﬁcant difference, indicating that the CheY
mutation is entirely epistatic over ChePep (Fig. 4A and B). To
further verify that ChePep acts through the chemotaxis signaling
pathway and to test if this action requires phosphorylation of
CheY, we constructed a ChePep CheW double mutant. CheW is
an upstream adapter protein that facilitates interactions between
transmembrane methyl-accepting chemotaxis protein (MCP) re-
ceptors and the chemotaxis pathway, and it is necessary for phos-
phate transfer to CheY (7). As with the ChePep CheY mutant,
the hyperreversal phenotype of the ChePep mutant is com-
pletely abolished in a CheW background, and there is no signif-
icant difference between the ChePep CheW and CheW
strains(Fig.4B).Intheabsenceofafunctionalchemotaxissystem,
the ChePep mutant no longer exhibits hyperswitching of the
ﬂagella. Taken together, these data suggest that ChePep controls
H. pylori ﬂagellar rotation by regulating the interaction of the
chemotaxis system with the ﬂagellar complex.
ChePep regulates H. pylori chemotactic responses. Based on
thegeneticandbehavioraldatapresentedabove,wehypothesized
that in ChePep mutants, the chemotaxis signaling pathway re-
mainsintactbutoveractive.Therefore,theChePepstrainshould
havedeﬁcientbutnotnullchemotacticresponses.Tofunctionally
test the role of ChePep in H. pylori chemotaxis, we developed an
assay to analyze the swimming response of individual H. pylori
cells within a microscopic pH gradient. Acid was shown to be a
potent chemorepellent for H. pylori in vitro (42), and the pH gra-
dient of the gastric mucus is thought to be the primary chemical
cue used by H. pylori for orientation in the stomach (4). We uti-
lized a micropipette to create a point source of acid by releasing a
small ﬂow (0.3 to 0.8 pmol/min) of hydrochloric acid (HCl). We
veriﬁed the presence of a stable pH gradient within the viewing
ﬁeld of the video microscope by the differential ﬂuorescence of a
pH-sensitive dye (Fig. 5A; see Fig. S4 in the supplemental mate-
rial). By monitoring pH-dependent ﬂuorescence over time, we
conﬁrmed that the distribution of the microscopic pH gradient
remained constant (measured for over 5 min) (Fig. S4). The de-
vice was controlled with a micromanipulator, which allowed the
micropipettetobepreciselyinsertedorcompletelyremovedfrom
H. pylori cultures while continuously tracking the bacteria
through video phase-contrast microscopy (Fig. 5B; see Movie S4
inthesupplementalmaterial).ToensurethatthepHgradientwas
not bactericidal, nor that the ﬂow physically displaced H. pylori,
we veriﬁed that a chemotaxis null mutant, the CheW strain,
continued to swim near the needle tip (Movie S4).
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andafterexposuretothepHgradientandmonitoredtheirbehav-
ioral responses (Fig. 5E; see Movie S5 in the supplemental mate-
rial). Before exposure to acid, the bacteria swim throughout the
ﬁeldofviewwithoutdirectionalpreference.TheWTandCheW
mutants swim straight or with curved arcs and ChePep mutant
cells swim with a visibly higher reversal frequency. Within a sec-
ond of exposure to acid, WT cells respond by increasing their
reversal frequency and begin redistributing away from the needle
tip(Fig.5E;MovieS5).ChePepcellsrespondtotheacidgradient
by further increasing their reversal rate, but have a less efﬁcient
escape response since more bacteria remain within the ﬁeld and
close to the acid point source (Fig. 5E; Movie S5).
To quantify the response to the pH gradient, we measured the
distance of individual bacteria from the acid point source. At 10 s
after introduction of the pH gradient, WT cells redistribute away
from the needle tip in a graded fashion, while ChePep cells dis-
playnosigniﬁcantredistribution(Fig.5C).Thedefectiveresponse
of the ChePep mutant is rescued by complementation in trans
with its own promoter (ChePep*) (Fig. 5C). To determine
whetherthisfailureinorientationalsoresultsinadeﬁcientescape
response, we tracked how many H. pylori cells escape from a
60-mradiusaroundtheacidpointsourceover60s.Within10s,
only 31% of WT cells remain within this radius (Fig. 5D). In con-
trast, ChePep cells have an attenuated response, as 70% of
ChePep cells remain within a 60-m radius in an identical gra-
dient (Fig. 5D). The nonchemotactic CheW mutant had no es-
caperesponse(Fig.5D).Observationsatlatertimepointsshowed
that approximately 70% of ChePep cells persisted within a
60-m radius, while WT cells continued to clear the area until
approximately 30 s after acid exposure, by which time they had
achieved a steady state of 10% remaining bacteria in a 60-m
radius (Fig. 5D). Our data indicate that the ChePep strain is
impaired in chemotaxis, but unlike the CheW strain, it is not a
completechemotaxisnullmutant.Itsswimmingphenotypeisthe
FIG 5 ChePep regulates H. pylori chemotaxis response in a pH gradient. (A)
A microscopic pH gradient generated by a microinjection needle is visualized
by Lysosensor dye ﬂuorescence (pseudocolor image) (see Fig. S4 in the sup-
plemental material for details). (B) A sample frame from a movie of WT bac-
teriaandtheirmotilitytracingsafter20sinthepHgradientisshown.Ringsare
10 m apart. (C) The distance of each H. pylori cell to the acid point source is
plotted before () or 10 s after () exposure to the pH gradient; ChePep* is
ChePep complemented in trans. NS, no statistical difference. (D) Plot of the
percentage of H. pylori cells remaining within 60 m of the micropipette tip
over time. One hundred percent is deﬁned as the number of bacteria within
this radius directly before addition of acid. Error bars indicate standard devi-
ations from the mean of ﬁve independent movies. Results for the ChePep
mutantandWTstrainsaresigniﬁcantlydifferent(P0.0001,Ftest).(E)Bac-
terial motility paths of WT versus different mutants 2 s before (upper panels)
and after 10 s in the pH gradient (bottom panels) (see Movie S5 in the supple-
mental material).
FIG 4 ChePep controls ﬂagellar switching through the chemotaxis system.
(A)MotilitytracingsoftheWT,theChePepandCheYsinglemutants,and
theChePepCheYdoublemutantstrain.(B)Quantiﬁcationofreversalsper
minute of the WT and ChePep, CheY, CheY ChePep, CheW, and
CheW ChePep mutants. P values are from the two-tailed Student t test.
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nullmutants,suggestingthateitherexcessCheY-phosphateiscre-
ated or that the phosphate is not removed from CheY in the
ChePep mutant. This result is consistent with the proposed role
of ChePep as a novel chemotaxis regulator in H. pylori. Examina-
tionofotherEpsilonproteobacteriarevealedthepresenceofchePep
homologs throughout this class of diverse bacteria, and so we
wonderedwhetherChePepfunctionisabroadlyconservedmech-
anism of chemotaxis regulation.
ChePepisfunctionallyconservedintheEpsilonproteobacte-
ria. To test whether distantly related ChePep proteins are func-
tionally conserved, we cloned chePep homologs from other Epsi-
lonproteobacteria and complemented the ChePep H. pylori
mutant with these genes. The ChePep homologs chosen were
fromthepathogenCampylobacterjejuni,whichisamajorcauseof
food poisoning in humans (2), and the environmental bacterium
Caminibacter mediatlanticus, which was isolated from a hydro-
thermalventattheMid-AtlanticRidge(43).Animmunoblotver-
iﬁed WT levels of ChePep when the endogenous promoter was
usedincomplementingChePepwithH.pyloriChePep(Fig.6A).
We conﬁrmed expression of C. jejuni and C. mediatlanticus Che-
Pep by immunoblotting for a C-terminal tag that was added to
eachforeignChePep(Fig.6A).ThesizesandsequencesofChePep
varied considerably amongst the three different bacteria, with the
chePep genes from C. jejuni, C. mediatlanticus, and H. pylori hav-
ing 30% conserved sequence identity (Fig. 6A; see Fig. S1C in the
supplemental material). Despite the differences in ChePep size
and sequence, C. jejuni and C. mediatlanticus ChePep proteins
concentrate at the poles in H. pylori (Fig. 6B) and complement
the hyperreversal phenotype of the ChePep mutant (Fig. 6C).
Thisprovidesfunctionalevidencethat,despitethelargeevolutionary
distancebetweenH.pylori,C.jejuni,andC.mediatlanticus,ChePepis
conserved across a diverse set of Epsilonproteobacteria.
DISCUSSION
Chemotaxis is estimated to be present in over half of all microbes
(10) and is arguably the best understood signaling system in biol-
ogy.Despitethewealthofinformationonchemotaxis,itisbecom-
ing increasingly apparent that microbes have evolved diverse
mechanisms to control their motility and regulate chemotactic
responses to the environment (11). We have discovered a novel
familyofchemotaxisregulatorproteinsintheEpsilonproteobacte-
riacalled“ChePep.”WeshowthatChePeppreferentiallylocalizes
to the ﬂagellar pole of H. pylori, yet ChePep mutants have normal
ﬂagella and are motile. These mutants have aberrant ﬂagellar ro-
tation, but genetic experiments show that ChePep does not di-
rectlycontrolﬂagellarswitching,sinceitrequiresthepresenceofa
functional chemotaxis signaling system. This suggests that
ChePep functions as a chemotaxis regulator. Analysis of H. pylori
chemotactic behavior in a pH gradient is consistent with this hy-
pothesis. ChePep is also required for normal colonization of the
stomach, especially in competition with the WT, and is essential
for colonization of the epithelial surface inside the antral glands.
DespitesubstantialvariationbetweenChePeporthologs,wedem-
onstrate that ChePep is functionally conserved in Epsilonproteo-
bacteria as different as the deep sea colonizing organism C. medi-
atlanticus and the human pathogens H. pylori and C. jejuni.
WhenH.pyloricellsareexposedtoachemorepellent,likeacid,
they increase their turning frequency because of a predicted in-
creaseinphosphatesignalinginthechemotaxissystem.ChePep
mutants can respond to acid by increasing their turning frequen-
cy; however, they constantly switch ﬂagellar rotation even under
standardcultureconditions.ThissuggeststhatChePepmutants
have abnormally high levels of phosphorylated CheY protein. In
some enteric bacteria, similar hypertumbling phenotypes are at-
tainedbymutatingchemotaxisregulatorssuchasCheZandCheB,
which normally function to reduce the phosphorylation state of
CheY (6, 35, 37).
In comparison to E. coli and B. subtilis, our understanding of
the negative regulation of phospho-CheY by H. pylori and the
Epsilonproteobacteria is far less understood. The initial analysis of
Epsilonproteobacteria genomes concluded that this class lacked a
CheZhomolog(44,45),butmorerecentreportshaveidentiﬁeda
remote homolog to CheZ, termed CheZHP (13). Though CheZHP
has very limited homology to the CheZ of E. coli, it conserves the
activesiteresiduesanalogoustoE.coliAsp143andGln147andhas
in vitro CheY phosphatase activity (46). Further biochemical in-
vestigation of CheZHP demonstrated phosphatase activity not
FIG 6 ChePep is functionally conserved throughout the Epsilonproteobacte-
ria. (A) Immunoblot of the WT and ChePep, ChePep* (ChePep comple-
mented with H. pylori ChePep), ChePep  CJ (ChePep complemented
withFLAG-taggedC.jejuniChePep),andChePepCm(ChePepcomple-
mented with FLAG-tagged C. mediatlanticus ChePep) strains. The blot is
probed with anti-H. pylori ChePep (green) and anti-FLAG (red). (B) Immu-
noﬂuorescence of H. pylori stained with anti-H. pylori (blue), anti-ChePep
(green), and anti-FLAG (red). (C) Reversals per minute of the WT and
ChePep, ChePep*, ChePep  Cj, and ChePep  Cm strains. P values are
from the two-tailed Student t test. NS, no statistical difference.
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that CheZHP may have a more varied and complex function than
E.coliCheZ(46).TheidentiﬁcationofChePepsuggeststhatH.py-
lori and the Epsilonproteobacteria have evolved an additional
mechanism of chemotaxis regulation. Further examination of the
relationship between ChePep and CheZHP may provide insight
into the unique mechanism of chemotaxis regulation in the Epsi-
lonproteobacteria.
With the exception of the putative amino-terminal response
regulator domain, ChePep has no homology to other chemotaxis
proteins. ChePep orthologs are some of the most negatively
chargedproteinsinEpsilonproteobacteria(47,48),withanaverage
cumulative composition of 29.6% glutamic and aspartic acids. In
H. pylori, ChePep is composed of 23% glutamic acid and 5% as-
partic acid, while in C. jejuni, ChePep contains 15.3% glutamic
acid and 15.7% aspartic acid. Despite considerable sequence vari-
ation between ChePep orthologs, including the content of glu-
tamic and aspartic acids, ChePep proteins from C. jejuni and
C.mediatlanticusareabletocomplementH.pyloriChePep.This
suggeststhatChePeprequiresanabundanceofnegativelycharged
amino acids for its function rather than a speciﬁc amino acid
sequence in these domains. High net charge is typical of many
nativelyunfoldedproteins,andtheirintrinsiclackofstructurecan
facilitate functional ﬂexibility (49). A total of 77.4% of H. pylori
ChePepispredictedtobenativelydisordered,anditistemptingto
speculate that this may explain the complementation of H. pylori
ChePep with such disparate ChePep orthologs. Natively un-
folded proteins are relatively uncommon in bacteria, but they are
estimated to be abundant in eukaryotic signaling systems (50).
Precisely how the negatively charged and predicted disordered
region of ChePep contributes to the mechanistic function of reg-
ulating chemotaxis signaling requires further investigation.
In the context of H. pylori pathogenesis, ChePep is important
in allowing the bacteria to colonize a specialized niche on the
surface of the epithelium. H. pylori cells primarily colonize a
30-mbandofbufferedmucusthatextendsabovethecellsurface
(4)andalsodirectlyattachtoandgrowonepithelialsurfaces(17).
H. pylori uses both motility and chemotaxis to reach this habitat
and maintain colonization of the host (27, 51, 52). There are sev-
eral gradients that extend from the epithelial surface to the lumen
of the stomach, but experimental evidence suggests the pH gradi-
ent is critical for H. pylori in vivo spatial orientation (4). Che-
motaxis has also been reported to be important for facilitating
adhesiontothegastricepitheliumandcontributestohostinﬂam-
mation (27, 53). Our work expands on this theme by document-
ing that H. pylori forms microcolonies directly adhered to the
epithelium within the mid-glands of the stomach. ChePep mu-
tants are absent from this niche, indicating that chemotaxis is
necessary to locate or persist within the mid-glands. This tropism
for the mid-glandular zone is particularly intriguing because of
the gastric progenitor cells that are known to reside within this
approximatezone(54).AdirectassociationbetweenH.pyloriand
the gastric progenitor cells could have implications for the in-
creased gastric cancer associated with H. pylori infection (15), so
evaluation of ChePep’s role in animal models of carcinogenesis
will be important for future studies.
Besides H. pylori, the class of Epsilonproteobacteria contains
additional pathogens, including C. jejuni, which is a major source
of diarrheal illness in humans (2). Motility and chemotaxis were
identiﬁed as important colonization factors in C. jejuni (55, 56)
and inﬂuence bacterial virulence in the ferret model (57). The
ability to complement H. pylori ChePep with ChePep from
C. jejuni suggests that ChePep function is conserved in C. jejuni.
ChePep may also signiﬁcantly contribute to colonization, access
to specialized niches, and disease outcome of C. jejuni and other
pathogenic Epsilonproteobacteria.
Finally, the discovery of ChePep has implications for the evo-
lutionofbacterialchemotaxis.Flagellatedbacteriagenerallyshare
the same basic components of the chemotaxis signaling pathway
(7,10,11),andallpreviouslyidentiﬁedchemotaxisgenesinH.py-
lori have homologs in other classes of Proteobacteria (12, 44, 46,
58). However, ChePep is unique to the Epsilonproteobacteria. The
extensive distribution of chePep homologs throughout the Epsi-
lonproteobacteria combined with its restriction to this class sug-
gests that ChePep evolved within an ancient ancestral member of
the Epsilonproteobacteria as a unique mechanism for controlling
an otherwise conserved chemotaxis system.
MATERIALS AND METHODS
H. pylori strains and bacterial culture. The SS1 strain (29) of H. pylori
wasusedthroughoutthisstudy,withtheexceptionofFig.S3AandS3Bin
the supplemental material, where we used another mouse-colonizing
strain, SS2000 (26), and Fig. 6, where we used the strain G27MA (19)
becauseitismorereadilygeneticallymodiﬁedbynaturaltransformation.
H. pylori strains were either grown on Columbia blood agar plates or
shaking brucella broth cultures under standard conditions (59). The
ChePep, CheW, CheY, ChePep CheY, ChePep CheW, and
FliF isogenic mutants were constructed by a PCR-based method (60),
and mutants were veriﬁed by sequencing (sequences and primers avail-
able upon request). ChePep was complemented in trans by insertion of
a construct into the rdxA locus comprising 320 bp upstream of chePep
(containing the chePep promoter), the chePep open reading frame (ORF)
(from strain G27MA), and the aphA gene (conferring kanamycin resis-
tance). Complementation of ChePep with ChePep from Caminibacter
mediatlanticus and Campylobacter jejuni was performed similarly, except
the chePep ORF from H. pylori was replaced with the chePep ORF from
either C. mediatlanticus or C. jejuni, both with a 3FLAG tag (Sigma)
encoded at the C terminus. Genomic DNA from C. mediatlanticus was
kindly provided by Constantino Vetriani (Rutgers University). C. jejuni
81-176 was kindly provided by Victor DiRita (University of Michigan).
pH gradient generation and single-particle tracking of swimming
bacteria. H. pylori cultures were grown to mid-log phase and placed into
a glass-bottom 35-mm dish (MatTek) on a Zeiss Axiovert-35 inverted
microscope equipped with phase-contrast optics and a heated stage. A
Hammamatsu C2400 video charge-coupled-device (CCD) camera was
used to record via an Argus-20 image processor onto Quicktime at
30 frames per s. A Femtotip II microinjection micropipette (Eppendorf)
containing 1 N hydrochloric acid (HCl) was inserted into or removed
from the viewing ﬁeld using a micromanipulator (Eppendorf 5171). To
create a point source of acid, a constant ﬂow through the tip was con-
trolled with an Eppendorf transjector 5246. Liquid ﬂow and acid concen-
tration were empirically adjusted to avoid physically dispersing the bac-
teria while obtaining a chemotactic response within the viewing ﬁeld.
Typical ﬂow settings were 0.3 to 0.8 pmol of HCl per min, measured by
inserting the needle into a known volume of water and measuring the pH
change with a microelectrode after2ho fconstant ﬂow. The pH gradient
was local since there was no detectable change in the overall pH of the
bacterial cultures during the tracking experiments. To conﬁrm the pres-
ence of a stable microscopic pH gradient, a pH-sensitive dye, Lysosensor
green DND-189 (Molecular Probes), was added to water at a concentra-
tion of 100 nM and imaged by epiﬂuorescence. To test for chemotactic
changes in bacterial spatial distribution, the position of individual motile
bacteria was recorded before and 10 s after introduction of acid. The
distance of each bacterium to the micropipette tip was plotted. Statistical
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assessed by the Mann-Whitney test. The H. pylori chemotactic escape
response to a pH gradient was quantiﬁed by counting the number of
motilebacteriawithin60mofthemicropipettetipevery10soveratime
course of 60 s and dividing by the number of bacteria present prior to
introductionofacid.Atleastthreeindependentexperimentswereusedto
generate the results. A nonlinear, one-phase decay curve was ﬁt to each
escape curve, and statistical signiﬁcance was assessed using an F test. For
quantiﬁcation of H. pylori swimming behavior, we used single-particle
trackingwithMetamorphsoftware(MolecularDevice)andanalyzedwith
an Excel macro as described by Astling et al. (61). A reversal is deﬁned in
ouranalysisasa110°turn.Statisticaldifferencesbetweenthenumberof
reversals per minute of the WT, ChePep, CheY, CheY ChePep,
CheW, and ChePep CheW strains were evaluated by a two-tailed
Student’s t test.
Animal infections. All animal experiments were performed in ac-
cordance with NIH guidelines and with approval from the Institutional
Animal Care and Use Committee of Stanford University. Female 6- to
8-week-old C57BL/6J mice were purchased from Jackson Laboratories
(BarHarbor,ME).Animalswereorallyinfectedwith108CFUofH.pylori
grown in broth. For competition infections, mice were infected with an
equalmixtureofWTandChePepcells,totaling108CFU.Forsequential
infections, mice were infected with the ChePep mutant for 2 weeks and
then infected with the WT for 4 weeks (total, 6-week infection). Animals
weresacriﬁcedat2or6weekspostinfection.Forcompetitionandsequen-
tial infections, the entire glandular stomach was weighed and mechani-
callyhomogenizedinBrucellabrothforCFUcounts.Forsingleinfections,
theglandularstomachwasdissectedintotwopieces—oneforCFUdeter-
mination and another for confocal and electron microscopy.
Epiﬂuorescenceandconfocalmicroscopy.Forsubcellularlocalization
ofChePep,H.pyloricellsweregrownovernightonbloodplates,resuspended
inphosphate-bufferedsaline(PBS)andadheredtopoly-L-lysine-coatedcov-
erslips. The bacteria were ﬁxed and permeabilized as previously described
(32) and stained with chicken anti-H. pylori antibodies (19), rabbit anti-
ChePep antibodies, and mouse anti-FLAG antibodies (Sigma). Alexa Fluor-
conjugated antibodies of appropriate ﬂuorescence and species reactivity
(MolecularProbes)wereusedforsecondarydetection.Bacteriawereimaged
withanOrca100CCDcameracoupledtoanOlympusBX60microscope.For
animal infections, tissue samples were processed for confocal immunoﬂuo-
rescenceaspreviouslydescribed(32),exceptthattissuewasembeddedinagar
and 100-m-wide sections were cut on a vibratome (Leica). Tissue sections
werestainedwithrabbitanti-H.pyloriantibodiesandappropriatesecondary
antibodies. DAPI (4=,6-diamidino-2-phenylindole) and Alexa Fluor 594-
phalloidin (Molecular Probes) were used for visualization of the nuclei and
actin cytoskeleton. Samples were imaged with a Zeiss LSM 700 confocal mi-
croscope, and z-stacks were reconstructed into 3D using Volocity software
(Improvision). For quantiﬁcation of bacterial colonization of the gastric
glands,weanalyzedantraltissueofinfectedmicebyvolumetricimageanalysis
as previously described (17).
DIC and phase video microscopy of H. pylori reversals and swim-
ming direction. H. pylori cells were grown to mid-log phase in broth as
described above. One microliter of the culture was placed onto an 8-mm
multiwellslide(Cel-LineAssociates)andsealedwithacoverslip.Reversal
behavior of WT and ChePep cells was recorded by DIC video micros-
copy using a Hamamatsu high-resolution ORCA-285 digital camera and
Nikon TE2000E microscope. The bacterial position in each frame of the
movie was traced using ImageJ and the plugin MtrackJ. Forward move-
ment was arbitrarily assigned the color green, while reverse movement
wasassignedred.Trackingofbacterialforwardmovement(ﬂagellapush-
ing)andbackwardsmovement(ﬂagellapulling)wasrecordedwithaZeiss
Axiovert-35invertedmicroscopeequippedwith100phase-contrastop-
tics, and a heated stage. A Hammamatsu C2400 video CCD camera re-
corded via an Argus-20 image processor onto Quicktime at 30 frames per
s. To determine the percentage of time bacteria spent swimming forward
orinreverse,thepositionoftheﬂagellawasﬁrstmarked.Then,thenum-
berofframeswascountedforwhichthebacteriamovedforwardorback-
wards over approximately 5 to 60 s. The percentage of time spent moving
forwardorbackwardwascalculatedbydividingthenumberofframesfor
which the bacteria moved forward or backward by the total number of
frames.
Immunoblotting.H.pyloricellswereharvestedfrombloodplatesand
lysed with 2 SDS sample buffer. Lysates were boiled and then separated
on an 8% to 16% gradient or 14% SDS-PAGE gels. After transfer onto
polyvinylidenediﬂuoride(PVDF)ornitrocellulosemembranes,H.pylori
ChePep, 3FLAG-tagged C. mediatlanticus ChePep, and 3FLAG-
taggedC.jejuniChePepweredetectedbyblottingwithrabbitanti-ChePep
and mouse anti-3FLAG followed by goat anti-mouse Alexa Fluor 660
and goat anti-rabbit Alexa Fluor 800. The blot was then scanned with a
Licor-Odyssey scanner.
Supplementalmethods.Formethodsofantibodyproduction,sequence
analysis,massspectrometry,andscanningandtransmissionelectronmicros-
copy, see Text S1 in the supplemental material.
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